X-ray crystallographic studies of human immunode®ciency virus type 1 reverse transcriptase complexed with or without substrates or inhibitors show that the heterodimeric enzyme adopts distinct conformations that differ in the orientation of the so-called thumb subdomain in the large subunit. Site-directed spin labelling of mutated residue positions W24C and K287C is applied here to determine the distances between the ®ngers and thumb subdomains of liganded and unliganded RT in solution. The inter-spin distances of a DNA/DNA and a pseudoknot RNA complexed reverse transcriptase in solution was found to agree with the respective crystal data of the open and closed conformations. For the unliganded reverse transcriptase a temperature-dependent equilibrium between these two states was observed. The fraction of the closed conformation decreased from 95 % at 313 K to 65 % at 273 K. The spectral separation between the two structures was facilitated by the use of a perdeuterated [15 N]nitroxide methane-thiosulfonate spin label.
Introduction
Reverse transcriptase (RT) is a key enzyme in the replication cycle of the human immunode®-ciency virus type 1 (HIV-1), catalysing the conversion of virally encoded RNA into proviral DNA (Skalka & Goff, 1993) . This essential step in the retroviral life cycle is targeted by a variety of drugs in clinical use to combat AIDS. The RT is a heterodimeric enzyme with subunits of 66 and 51 kDa, respectively. The p66 subunit consists of ®ngers, palm and thumb subdomains, named according to their resemblance to a right hand, as well as connection and ribonuclease H (RNaseH) subdomains. The smaller subunit, p51, originates from p66 by proteolytic cleavage of the C-terminal RNaseH domain. As a consequence, both subunits have the same amino acid sequence. However, the structural organisation of the subdomains is very much different, resulting in an asymmetric dimer with only one active site per heterodimer localised within the large subunit. During catalysis of the conversion of single-stranded viral RNA into double-stranded DNA, RT has to bind successively the following different primer/templates (p/t): tRNA/RNA, DNA/RNA, RNA/DNA and DNA/ DNA. In order to accommodate these substrates, which differ signi®cantly in their structures, the enzyme must have a remarkable intrinsic¯exi-bility. This¯exibility is believed to be achieved in part by the above mentioned distinct domain organisation, which is revealed by several crystal structures (Ja È ger et al., 1994) . X-ray structures of unliganded HIV-1 RT, RT bound to a pseudoknot RNA inhibitor, to different non-nucleoside inhibitors (NNRTIs) and to a DNA/DNA p/t have been solved (for a recent review, see Ja È ger & Pata, 1999) . The most striking difference among these structures concerns the position of the p66 thumb subdomain, which undergoes a 30-40 rigid-body movement relative to the p66 palm subdomain on going from the unliganded enzyme to the nucleic acid substrate bound form. This results in an overall opening of the structure, generating a large nucleic acid binding cleft stretching from the N-terminal polymerase core to the C-terminal RNaseH active site. The conformations are designated closed and open, respectively. The positions of the other subdomains remain largely unchanged. In the crystal structures of ligand free RT and RT in complex with a pseudoknot RNA inhibitor, the p66 thumb and ®ngers subdomains are positioned close together (Rodgers et al., 1995; Ja È ger et al., 1998) . In this conformation the substrate binding cleft is blocked. On the other hand, in the open state, where the tip of the thumb subdomain moves about 2.5 nm away from the tip of the ®nger the enzyme is able to accommodate different substrates, as seen in structures of RT in complex with dsDNA (Jacobo-Molina et al., 1993; Huang et al., 1998) or different NNRTIs (Kohlstaedt et al., 1993; Ren et al., 1995; Das et al., 1996) . In one particular instance the open conformation is also found in a crystal structure of unliganded RT . Here however, the unliganded structure was a result of soaking out a non-nucleoside inhibitor from a pre-grown crystal.
As yet there is no experimental evidence as to whether unliganded RT adopts the open or the closed conformation in solution. If both conformers, the open and the closed, have similar energies, they may be thermally populated in solution at equilibrium. As outlined above, the X-ray studies would suggest that RT adopts a closed conformation. However, it is possible that the conformation of ligand free RT and NNRTI-bound RT could be in¯uenced by crystal packing, freezing the enzyme in a certain structural state, as indicated by the two different conformations found in the absence of ligands (e.g. closed versus open; Rodgers et al., 1995; Esnouf et al., 1995; Hsiou et al., 1996) . Madrid et al. (1999) performed molecular dynamics simulations recently on the p66 thumb movement starting with the thumb in the upright (open) position. The simulations showed a large subdomain rearrangement where the thumb closes down on the ®ngers as seen in the crystal structures. It has been proposed that this¯exibility may play an essential role in the polymerisation process, enabling the growing nucleic acid chain to translocate along the enzyme after each nucleotide incorporation step.
In this study we used site-directed spin labelling to analyse the conformational states in solution of unliganded RT and RT bound either to a model DNA/DNA p/t or an RNA inhibitor. In particular, we were interested in answering the question of whether or not ligand-free RT adopts the closed conformation in solution. Site-directed spin labelling has emerged as a powerful technique for exploring the structure and dynamics of soluble, as well as membrane, proteins (for reviews, see Hubbell et al., 1996 Hubbell et al., , 1998 . Here, cysteine residues introduced by site-directed mutagenesis at certain positions are modi®ed with speci®c nitroxide spin labels. The dynamics of this nitroxide side-chain and its accessibility to paramagnetic quenchers allows determination of the identity and orientation of the secondary structure of protein domains and the topography of polypeptide chains with respect to the membrane water interface. Domain motions have been disclosed by measurements of intra-molecular distances and distance changes determined through the dipole-dipole interaction of two spin labels introduced into the protein (Farrens et al., 1996; Steinhoff et al., 1997; Thorgeirsson et al., 1997; Tiebel et al., 1999) . Here, a detailed analysis of the spin-spin interaction of two nitroxide molecules bound to the ®ngers and thumb domains of HIV-1 RT allows determination of the conformation of ligand free RT in solution when combined with data obtained from X-ray studies. Our results show that unliganded HIV-1 RT adopts primarily the closed conformation at physiological temperatures in solution. Also, we observe a temperature-dependent equilibrium between the open and closed conformation of the enzyme, indicating a distinct motion of the thumb subdomain. This may have important implications for the translocation process during polymerisation.
Results
Selection of sites for spin-labelled cysteine residues based on the crystal structures of RT From several crystal structures of HIV RT it is known that the enzyme can adopt essentially two conformations which differ primarily in their orientations of the p66 thumb domain. A superposition of the structures of free RT and DNA/DNA p/t bound RT is shown in Figure 1 . In the apo-enzyme structure the tips of the thumb and the ®ngers subdomains are in close vicinity. In contrast, the crystal structure of RT in complex with DNA/DNA p/t reveals a 30-40 rigid-body movement of the thumb subdomain relative to the palm domain compared to the unliganded enzyme, resulting in an open conformation. Additionally, minor reorientations also occur in the RNaseH domain. It is interesting that RT complexed with nevirapine, a non-nucleoside inhibitor, shows an orientation of the thumb subdomain tilted outward leading to a further opening of the substrate-binding cleft.
In order to characterise the conformations of different RT complexes in solution and to compare these ®ndings with the crystal structures, we were interested in determining the distances between the ®ngers and thumb domains. Since the quantitative analysis of spin-spin interactions between two spin labels is restricted to inter-spin distances of less than 2.5 nm (Steinhoff et al., 1997) , we chose amino acid residues Trp24 (®ngers) and Lys287 (thumb) of p66, which exhibit C b -C b distances of 1.2 nm in the closed conformation and 2.9 or more than 3.0 nm in the open conformations, respectively (Jacobo-Molina et al., 1993; Ja È ger et al., 1998; Huang et al., 1998) . The respective positions of these residues are depicted in the crystal structures shown in Figure 1 . These residues were replaced by cysteine residues, while the naturally occurring solvent-accessible cysteine residues at positions 38 (p66) and 280 (p66, p51) were mutated to serine residues. The overall effect of mutagenesis and spin labelling with MTSSL 1-15 N-d 15 on the RNAdependent DNA polymerase activity was found to be negligible.
Conformation of RT complexes in frozen solution
The spin-spin interaction between two spin labels attached to a protein is composed of static dipolar interaction, modulation of the dipolar interaction by the rotational diffusion of the protein and residual motion of the spin label side-chains as well as exchange interaction. For temperatures below 200 K, the rotational diffusion of the protein and the residual motion of the spin label side-chain is strongly restricted (Steinhoff et al., 1989) . Static dipolar interaction leads to considerable broadening of the spectrum for inter-spin distances less than 2.5 nm. A detailed line shape analysis allows determination of absolute values of the inter-spin distance (Steinhoff et al., 1991 (Steinhoff et al., , 1997 Rabenstein & Shin, 1995; Thorgeirsson et al., 1997) . For temperatures above 200 K, the dipolar interaction is modulated by the relative motion of the spin labels. If the reorientation rate of the inter-spin vector can be determined, the inter-residue distances can be estimated even at room temperature (Mchaourab et al., 1997) . Exchange interaction was found to contribute signi®cantly to the line broadening for distances of less than 1.0 nm, since partial overlap of the nitrogen pi-orbitals of the two interacting nitroxides is required (Closs et al., 1992; Fiori & Millhauser, 1995) .
EPR spectra of unliganded, DNA/DNA p/t and pseudoknot RNA-complexed RT were measured in frozen solution at a temperature of 170 K to exclude dynamic effects. Powder spectra simulations were performed to determine absolute values of the inter-spin distances according to the method of Steinhoff et al. (1997) . The frozen protein samples are generally composed of species with different nitroxide orientations and inter-spin distances because of the¯exibility of the nitroxide side-chains and the variety of conformations of the spin label binding sites in frozen solution. This is accounted for in the ®tting procedure by the assumption of a Gaussian inter-spin distance distribution of average distance, d, and distribution width, s. The consideration of s additionally accounts for small amounts of single spin labelled protein molecules. The parameters which describe the EPR spectra in the absence of any spin-spin interaction, i.e. the magnetic tensors, g and A, and the line width parameters were ®xed according to the values obtained from ®tting of simulated powder spectra to experimental data of single labelled samples. Figure 2 shows a comparison of the spectra which were normalised to represent an equal number of spins. The spectrum of the single mutant W24R1 can be considered as a reference for an interaction free spectrum. In comparison, the spectral shape of the RT-p/t complex reveals a slightly broader line width and consequently a smaller amplitude due to weak dipolar interaction. The spectrum of unliganded RT exhibits a similar shape indicating a similar distance between the ®n-gers and thumb subdomains at this temperature. The line shape was found to be independent of the speed of freezing, with a maximum cooling rate of about 50 K/second. The average inter-spin distance determined from the ®tting of simulated spectra exceeds 1.9 nm for the RT-p/t complex and equals 1.8 nm for the unliganded RT. The distribution width s was found to vary between 0.5 and 0.7 nm. According to the crystal structure, the bound p/t ®xes the thumb subdomain in an open conformation with a distance between the C b Figure 1 . Crystal structures of the ®ngers and thumb domains of the p66 subunit of HIV-1 RT complexed with dsDNA (purple, Jacobo-Molina et al., 1993) and unliganded RT (green, Rodgers et al., 1995) . The nucleic acid is not shown for clarity. The different orientations of the thumb domain lead to different distances between Trp24 and Lys287 (space ®lled) which were replaced by spin-labelled cysteine residues in the present work. The C b -C b distance between the native residues at positions 24 in the ®ngers domain and 287 in the thumb domain determined from the crystal data amounts to 1.2 nm for the unliganded RT and 3.5 nm for the DNA complexed RT.
HIV-1 RT Thumb Domain Conformations
atoms of W24 and K287 of about 2.9 nm in the crystal structure described by Huang et al. (1998) and 3.5 nm in the structure solved by Jacobo- Molina et al. (1993) . An open conformation was also reported for a crystal structure of unliganded RT . It should be noted that distances concluded from spin-spin interaction are between the electron spins located in the pi-orbital of the nitroxide nitrogen atoms. Considering a length of the spin label side-chain of approximately 0.7 nm, the experimental data obtained with the RT p/t complex and with the unliganded RT are in agreement with the open conformation found in the crystal structures. In contrast, the RT-pseudoknot RNA complex exhibits considerable line broadening which must be due to strong spin-spin interactions (cf. Figure 2) . The average inter-spin distance for this complex in frozen solution was determined from ®tting of simulated spectra to be 1.15 nm (s 0.5 nm). This result requires the distance between the ®ngers and thumb subdomains to be considerably decreased in the RT-pseudoknot RNA complex compared to that in the RT-p/t complex. In order to decide whether the ®ngers-thumb conformation as seen in the crystal of the RT-pseudoknot RNA complex (Ja È ger et al., 1998) would account for the frozen solution data, molecular dynamics simulations were performed according to the method described by Steinhoff et al. (1997 Steinhoff et al. ( , 2000 . These simulations allow the estimation of the accessible space for the nitroxide side-chains and the occupancy of different nitroxide orientations. During these calculations, the amino acid residues at positions 20 to 28 and 284 to 290 were free to move, whereas the positions of all other atoms were constrained according to the crystal data (Ja È ger et al., 1998) . Evaluation of the nitroxide trajectories of 4 ns length yields an average inter-spin distance of 1.0 nm (s 0.3 nm).
Considering an uncertainty of the distance values of $10 %, the results of the MD simulations agree well with the EPR data. The slightly smaller values of the simulated distance and distribution width compared to the respective values found in frozen solution may indicate a residual¯exibility of the ®ngers and thumb subdomains in the RT-pseudoknot RNA complex in solution which is not accounted for in our simulations.
Conformation of RT complexes in liquid solution
At room temperature (T 297 K) the side-chain motion of the spin label occurs in the ns time range, and the mobility of the nitroxide group as well as the¯exibility of its binding site are directly re¯ected in the EPR absorption line shape. Figure 3 shows the spectra of the singly labelled unliganded and liganded RT mutants W24R1 and K287R1. The spectra of both the W24R1-p/t and -pseudoknot complexes are nearly indistinguishable from the spectrum of the unliganded W24R1. Neither the DNA/DNA p/t nor the pseudoknot RNA interact signi®cantly with the nitroxide bound to position 24. Furthermore, the conformational change from the open (RT-p/t complex) to the closed (RT-pseudoknot complex) conformation (see below) does not alter the interaction of the spin label with the secondary or tertiary structure. A slightly different picture emerges for K287R1. The free RT and the pseudoknot complex show identical spectra, whereas the spin label mobility in the case of the RT-p/t complex is increased. Binding of p/t and the resulting conformational change of RT obviously reduces the interaction of the spin label with neighbouring structures. Although the change of the nitroxide mobility is small, the reorientational correlation time determined from ®tting of Figure 2 . EPR spectra of singly and doubly spin-labelled HIV-1 RT determined at 170 K (®rst derivative representation). The spectra are normalised to constant spin number. Substantial line broadening due to spin-spin interaction is visible in the spectrum of the W24R1/ K287R1 RT complexed with the pseudoknot RNA.
simulated spectra to the experimental data show a decrease of 25 %. For all other samples, ®tting of the rotational correlation time with the assumption of isotropic reorientational motion yields values between 1.6 and 1.9 ns. In summary, the mobility of both nitroxide side-chains is found to be in agreement with their location in loop regions (Mchaourab et al., 1997; Pfeiffer et al., 1999) . Figure 4 shows EPR spectra of the doubly spinlabelled RT complexes. The spectrum of the doubly spin labelled DNA/DNA complexed RT is essentially identical with the spectra of W24R1 and K287R1 (Figure 4(a) ). The small deviations in the high ®eld region are due to a small amount of unbound spin label present in the double mutant sample. Hence, spin-spin interaction between the spin-labels is not observable in this complex. The spectra of the doubly labelled unliganded RT (Figure 4(b) ) and of the RT-pseudoknot complex (Figure 4(c) ) each exhibit a dominating spectral component which is substantially broadened compared to the superposition of the single mutant spectra. Double integration reveals the fraction of this broadened component to exceed 80 % for the RT-pseudoknot complex and 70 % for the free RT.
Spectral simulations con®rm that the nature of this line shape cannot be due to further restrictions of the reorientational motion of the spin label sidechains but must originate from spin-spin interaction between the nitroxide groups. Convolution of the spectra of the single mutants with a Lorentian broadening function reveals the additional broadening of the spectrum of the doubly spin labelled RT-pseudoknot complex to approach 6.5 G. A superposition of the spectra of the RT-pseudoknot complex with that of the RT-p/t complex with a fraction ratio of 9 to 1 agrees excellently with the spectrum of the free RT (cf. Figure 4(b) ). The strengths of the spin-spin interaction are identical for the interacting fractions in the free and pseudoknot complexed RT. This is strong evidence that the distances between the ®ngers and the thumb domains in these fractions are very similar. However, the species which lack spin-spin interaction are different in both samples. This will be addressed below.
Initially, we estimated the distance between the nitroxide groups in the RT complexes in liquid solution and compared this value with the data determined for the frozen solution. The spectral shapes HIV-1 RT Thumb Domain Conformations of the single mutants correspond to nitroxide groups near the fast motional limit. In this regime the spectral anisotropies are averaged and the homogeneous line widths are determined by modulation of the anisotropic hyper®ne and Zeeman interactions due to molecular motion. Relaxation due to static and dynamic dipolar interaction and exchange interaction must be considered additionally for the doubly spin-labelled samples. For rotational correlation times less than 2 " hr 3 /3g 2 b 2 , where " h is the Planck constant divided by 2 p, g and b are the g factor and the Bohr magneton, and r is the inter-spin distance, the static dipolar contribution is averaged. If we assume the rotational correlation time of the inter-spin vector in RT to equal that of the protein rotational diffusion, $50 ns (in water at room temperature), static dipolar effects are averaged only for inter-spin distances exceeding 3 nm. Static dipolar line broadening should dominate the spectra of RT for interspin distances less than 2 nm and temperatures below room temperature. Simulations of dipolar broadened spectra are in agreement with the broad component of the experimental line shape of the pseudoknot complexed RT for inter-spin distances ranging from 1.1 nm at 272 K to 1.4 nm at 313 K. The line width decrease with increasing temperature is strong evidence that exchange interaction does not signi®cantly contribute but the inter-spin vector is modulated by the residual motion of the spin labels. This may partially average the dipolar interaction at higher temperatures and hence lead to an apparent increase of the calculated inter-spin distance (Steinhoff et al., 1991) . The results of the simulations are therefore in excellent agreement with the value of 1.15 nm determined for the pseudoknot complexed RT in frozen solution. Furthermore, our result shows the RT-pseudoknot-RNA complex to adopt the closed conformation at room temperature. The distance between the ®ngers and thumb subdomains of the dominating fraction of the unliganded RT must be very similar, since the corresponding spectral shape is indistinguishable from that of the RT-pseudoknot complex. This ®nding is in contrast to the low temperature data, where the unliganded RT was shown to adopt an open conformation. This contradiction led us to the conclusion, that the conformation of the unliganded RT may be temperature dependent.
Temperature dependence of the EPR spectra
A series of EPR spectra of the singly and doubly spin-labelled RT complexes were recorded at six different temperatures between 272 K and 313 K. The fraction of the interacting species in the pseudoknot-RNA complexed RT was determined from the integrated spectra. This fraction amounted to 70-80 % for different preparations and varied less than 5 % with temperature over the whole range studied. A reasonable explanation for the noninteracting fraction in the RT-pseudoknot complex is the incomplete spin labelling (ef®ciency 85-90 %; see Materials and Methods). Assuming a similar reaction ef®ciency for both spin label binding sites, the square value yields the probability of ®nding interacting pairs of nitroxide groups, i.e. 70-81 % of the molecules should show spin-spin interaction in agreement with the experimental results.
A completely different picture evolves for the unliganded RT. The fraction showing spin-spin interaction varies between 65 % at 272 K and 95 % at 313 K. This is proof of a temperature-dependent equilibrium of two different conformations of free RT. For each temperature studied the EPR line shape of the free RT could be reasonably well simulated by a superposition of the spectra of the DNA/DNA and pseudoknot complexed RT (cf. Figure 4(b) ). The fraction of free RT showing spinspin interaction must adopt a conformation with the distance between the ®ngers and thumb domains identical to that found in the RT pseudoknot RNA complex and is therefore identi®ed as the closed conformation. The other fraction exhibits an inter-spin distance of more than 1.9 nm and thus the conformation may be similar or identical to that of the RT p/t complex, i.e. the open conformation. The logarithm of the equilibrium constant for the transition between the open and closed conformation exhibits a linear dependence with the inverse temperature ( Figure 5 ). Entropy and enthalpy values determined from the intercept and the slope amount to 134(AE10) J/mol K and 34.5(AE3) kJ/mol, respectively.
Conformation of RT-NNRTI complexes in solution
As the developed technique of double spinlabelling RT was found to be a useful tool to examine the conformation of the p66 subunit, we additionally examined the conformation of two RT NNRTI complexes in solution. Figure 6 shows the EPR spectra of nevirapine and S-TIBO (a TIBO derivative) bound to RT (Merluzzi et al., 1990; Pauwels et al., 1990) . Comparing these spectra with a superposition of spectra of the singly labelled RT yields no indication for spin-spin interaction. Therefore, nevirapine-complexed as well as S-TIBO-complexed RT adopt an open conformation in solution, which must be stabilised via the bound inhibitor. This ®nding is in agreement with the crystal structure of a RT nevirapine complex (Kohlstaedt et al., 1993) and the X-ray data of 8-Cl and 9-Cl-TIBO .
Discussion
The available crystal structures of unliganded RT and RT complexes with substrate show one most striking difference. Comparing the structure of RT complexed with dsDNA and the unliganded RT reveals a rotation of the thumb domain of about [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] closing off the DNA-binding cleft and representing a transition from an open to a closed state (Jacobo-Molina et al., 1993; Rodgers et al., 1995) . In addition, minor structural changes occur in the RNaseH domain. For the unliganded RT two crystal structures have been solved, showing two different conformations. The closed Figure 5 . Plot of the ratio of the fractions of the closed and open structures of the uncomplexed HIV-1 RT versus inverse temperature. The error is mainly due to uncertainties in spectra integration. The fraction of the closed conformation decreases from 95 % at 313 K to 65 % at 273 K. The reaction enthalpy and entropy determined from the slope and intercept of the regression line amount to 34.5(AE3) KJ/mol and 134(AE10) J/mol K, respectively.
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conformation is seen in the structures solved by Rodgers et al. (1995) and Hsiou et al. (1996) , whereas Esnouf et al. (1995) determined a structure showing an open conformation. Here however, the unliganded structure was produced by soaking out a weak binding non-nucleoside inhibitor, HEPT, from a pregrown crystal. It cannot be excluded that the open conformation is stabilised by crystal packing. The objective of the present work was to answer the question as to which of these conformations (open and/or closed) exists in solution.
Initially, we analysed the inter-spin distances of two nitroxide spin labels attached to the ®ngers and thumb domains of p66 of the heterodimeric enzyme complexed with an RNA pseudoknot inhibitor. This RNA aptamer was originally identi®ed via SELEX by Tuerk et al. (1992) . More recently the structure of this enzyme/aptamer complex was solved (Ja È ger et al., 1998). The RNA ligand-binding surface lies within the nucleic acid cleft of the enzyme, between the polymerase and RNaseH active sites, and partially overlaps the binding surface of duplex DNA substrates. The protein/RNA interaction was shown to stabilise the closed conformation of the enzyme through electrostatic interactions between the p66 thumb and the RNA and therefore chosen as a reference for this structural state. Binding studies revealed an extraordinarily low K d of about 25 pM for the enzyme/aptamer interaction coupled with high speci®city (Kensch et al., 2000) . Using EPR spectroscopy in combination with site-directed spin labelling, we could show that the distance between nitroxide side-chains attached to positions 24 and 287 in the ®ngers and thumb domains of a pseudoknot complexed RT in solution are in good agreement with distance values determined from the crystal structure. The observed inter-spin distances in the presence of the RNA aptamer were constant within the analysed temperature range (170 K-313 K) in contrast to the situation with unliganded enzyme (see below). This clearly demonstrates that the pseudoknot RNA shifts the open/closed equilibrium by ®xing the thumb in the closed conformation. As a consequence, this potent inhibitor not only partly occupies the nucleic acid binding cleft but also stabilises a conformation of the enzyme, which makes it impossible for the natural substrate to bind.
In a subsequent experiment we compared these ®ndings to the situation were the nucleic acid substrate is bound to RT. At present, two different crystal structures are available for HIV-1 RT in complex with dsDNA. The ®rst, RT in complex with an 18/19mer DNA/DNA p/t (Jacobo- Molina et al., 1993) , is partly shown in Figure 1 (purple). The second is composed of RT covalently linked to a 21/25mer DNA/DNA p/t and a dNTP bound in the polymerase active site (Huang et al., 1998) . Here, compared to the complex without dNTP, the ®ngers domain is bent towards the thumb domain which leads to a decrease of 0.6 nm in the distance between the C b of W24 (®ngers) and K287 (thumb) from 3.5 nm to 2.9 nm. Fits of the EPR spectrum of the doubly labelled RT W24R1/K287R1 in complex with an 18/36mer p/t provide an average distance of 1.9 nm between the spins in frozen solution. Considering the spin label tether length of 0.7 nm and the spin label side-chains to be oriented headto-head, the maximum possible C b ±C b distance of W24C and K287C is 3.3 nm. Therefore, in frozen solution the distance between the ®ngers and the thumb domains is probably similar to that observed in the RT-p/t DNA complex with a dNTP bound in the polymerase active site. The room temperature EPR spectrum of the doubly spin-labelled sample is nearly indistinguishable from that of the superposition of the singly spinlabelled samples. Line broadening due to spin-spin interaction must be less than 0.2 Gauss, leading to an inter-spin distance of more than 2 nm. This is in agreement with the low temperature data of an open conformation of the DNA complexed RT.
Finally, we analysed the conformation of RT in the ligand-free state. The EPR spectra of the unliganded RT exhibit two components which are identical to the spectral shapes of the DNA and pseudoknot complexed RT, respectively. The small intrinsic line width of the perdeuterated the switch from an open to the closed state, and an entropy difference of 134 J/mol K.
The EPR spectra of the unliganded RT are superimposable on combination-spectra of the open and the closed conformation for all temperatures measured. We therefore conclude that sub states with inter-spin distances other than those of the open or closed conformation are not populated or have short lifetimes. Shock freezing from 273 K to 170 K yields the open conformation as the predominant fraction. Therefore, the inter-conversion rate between the open and closed states must be fast compared to the rate of cooling. Kinetic experiments to determine the rates are in progress.
In summary, the presented results clearly demonstrate for the ®rst time that the p66 thumb domain of HIV-1 RT is highly¯exible in solution adopting two de®ned conformations, namely an open and a closed conformation, respectively. This is in perfect agreement with the available X-ray structures of the enzyme and con®rms that the observed structures are not a result of crystal packing artefacts. At physiological temperatures the open/closed equilibrium is shifted towards the closed conformation whereas at low temperatures the open conformation is energetically favoured. However, the exact biological function of this large domain movement within the catalytic pathway of the enzyme remains to be elucidated. A conceivable scenario would be for this movement to be involved in the translocation of the nucleic acid substrate along the enzyme during polymerisation.
Materials and Methods

Mutagenesis of reverse transcriptase
Initially, all naturally occurring, solvent accessible cysteine residues were replaced by serine residues and the mutant RT p66 C38S,C280S /p51 C280S was generated. The cysteine residue at position 38 in the small subunit, p51, is not solvent accessible and consequently does not interfere with site-directed labelling. Subsequently, cysteine residues were introduced at the desired positions 24 and 287 in p66 and tagged with a nitroxide spin label.
The mutations were introduced into the plasmids pRT1 66 (Mu È ller et al., 1989) and p6HRT51 (Le Grice et al., 1991) by site-directed mutagenesis using PCR (Ho et al., 1989) . For each mutation, two complementary primers carrying the desired mutated codon (sense and anti primer, respectively) were synthesised. In a ®rst step two separate PCR reactions were carried out, one with the sense, the other with the anti primer, using a second anking primer in each reaction to generate a fragment which contains a speci®c restriction site. The products of the two PCR reactions were isolated and hybridised. This hybrid was ampli®ed in a third PCR using thē anking primers from the initial PCR reactions. Subsequently, the resulting DNA fragment containing the desired mutation was digested by two speci®c restriction enzymes, puri®ed and ligated with the corresponding RT plasmid. Transformation of Escherichia coli M15/ pDMI.1 (Certa et al., 1986) with the ligated plasmids resulted in expression systems for mutated p66 and mutated his-tagged p51.
Protein purification
Puri®cation of mutant RT was carried out according to a protocol described previously (Wo È hrl et al., 1997) . Reconstruction of heterodimeric p66/p51 RT was achieved by co-homogenisation of Escherichia coli cells expressing p66 and p51, respectively. The puri®ed proteins were dialysed against buffer A, containing 100 mM Tris-HCl (pH 7.0), 25 mM NaCl and 10 % (w/v) glycerol, shock frozen in liquid nitrogen and stored at À80 C. Mass-spectrometry con®rmed the presence of the introduced mutations. Protein concentrations were determined using an extinction coef®cient of 260450 M À1 at 280 nm. The puri®ed RT was free of nuclease contamination.
Spin labelling of RT mutants
In order to reduce any disul®de bonds, 2 ml of 1 M DTT was added to 200 ml of a 44 mM solution of mutant RT (p66 W24C,C38S,C280S,K287C /p51 C280S ) in buffer A containing 300 mM Tris-HCl (pH 7.0). After 30 minutes at 4 C a twofold excess of 18/36mer DNA/DNA p/t was added to the solution. Excess DTT was separated from the resulting RT-p/t complex using a Sephadex G25 gel ®ltration column (Pharmacia). The eluted complex was collected in a tube containing 2 ml of 100 mM C, the reaction mixture was loaded onto a Ni 2 -nitrilotriacetic acidSepharose column (Qiagen). Excess spin label and bound p/t were removed from the protein by washing the column extensively with a buffer containing 1 M NaCl and the enzyme was eluted with 0.3 M imidazole. Subsequently, the protein solution was concentrated and buffer was changed (50 mM Tris-HCl (pH 8.0), 25 mM NaCl, 6 mM MgCl 2 , 10 % glycerol) using centrifugal ®l-ters (Millipore). Finally, samples were shock frozen in liquid nitrogen and stored at À80 C. The labelling ef®-ciency was estimated from double integration of the EPR spectra and absorption measurements of protein (280 nm) and found to be $90 %. RNA-dependent DNA polymerase activity of the spin-labelled-mutant protein was determined by a standard RT assay described (Restle et al., 1990; Jacques et al., 1994) . The activity of mutant RT on poly(rA)oligo(dT) [12] [13] [14] [15] [16] [17] [18] substrates was found to be essentially indistinguishable from that of wild-type enzyme. Furthermore, equilibrium binding measurements with a 18/36mer DNA/DNA p/t substrate reveal a K d of 3 nM for wild-type and 6 nM for the mutant enzyme. Transient kinetic analyses show comparable rates of binding for the mutant and wild-type enzyme (data not shown). Binding assays and transient kinetic analyses were performed as described before (Wo È hrl et al., 1999) .
EPR measurements
Continuous wave EPR experiments were performed using X-band EPR spectrometers of our own construction equipped with a dielectric resonator (Bruker) or with a H 103 cavity (AEG). The magnetic ®eld was measured with a B-NM 12 B-®eld meter (Bruker). Spinlabelled RT samples were loaded into EPR quartz capillaries (50 ml for low temperature measurements, otherwise 5 ml) at a ®nal RT concentration of 100-200 mM. All measurements were performed in a buffer containing 50 mM Tris-HCl (pH 7.0), 12 mM NaCl and 5 % glycerol.
HIV-1 RT Thumb Domain Conformations
Spectra were recorded with a modulation amplitude of 1.5 G and the microwave power adjusted to be between 0.2 mW and 0.6 mW. A modi®ed Oxford ESR 9 variable temperature accessory allowed stabilisation of the sample temperature between 80 K and 330 K. The EPR spectrometers were controlled by a personal computer, which also performed 12 bit analog-to-digital data acquisition. EPR powder spectra simulations were performed according to the method described by Steinhoff et al. (1997) .
